Reported here is the use of the focused beam of an infrared ultrashort pulse laser (150 femtoseconds pulse width, 200 kHz repetition rate, 800 nm wavelength, and 100 μm/s scanning speed) to increase the refractive index of a germanium-doped silica-glass planar waveguide. The increase obtained, Δn, itself increases in proportion to increases in the laser intensity of the surface irradiation, and it saturates to 1.6 ~ 1.8 × 10 -3 at 2.2 TW/cm 2 , without producing any increase in insertion loss and birefringence. Further, no decay in the refractive index change is observed after annealing at 200 ˚C for 10 hours. Results show that ultrashort pulse lasers are more suitable than UV lasers as light sources for highly stable adjustment of the optical lengths of waveguide devices.
Introduction
For use in Dense Wavelength Division Multiplexing (DWDM) photonic networks, optical waveguide devices require ever more precisely adjusted device characteristics, and this means greater demand for homogeneity in the refractive indices of such devices. Ordinary process deviations result in insufficient homogeneity, however, and subsequent adjustment of refractive indices becomes necessary.
Because irradiation with UV light increases the refractive index of a Ge-doped silica-glass waveguide, UV lasers have been used to adjust optical waveguide characteristics. 1) It has recently been reported that irradiation by a focused infrared ultrashort pulse laser beam can, because of the multi-photon absorption effect, create stable increases in the refractive indices of various types of glass, [2] [3] [4] which suggests that infrared ultrashort pulse lasers might be used as light sources for adjusting optical waveguide characteristics. In this paper we report just such a use, with particular attention to the questions of insertion loss and of the thermal stability of the refractive index after irradiation. We consider here in the use of ultrashort pulse lasers in comparison to that of UV lasers, with particular respect to its potential for application to the adjustment of device characteristics.
Method for Measuring Changes in Refractive Indices of Waveguides
In order to measure changes in the refractive indices of waveguides, we first designed a planar lightwave circuit (PLC) to serve as a Mach-Zehnder (MZ) interferometer (see Fig. 1 ). The PLC (width 32 mm) has two ports and a 3 dB directional coupler on each end. The input-side coupler divides a signal, and the resulting two signals pass through separate arms, the difference in optical length of their respective paths resulting in a phase difference that produces interference in the out-put side coupler. Figure 1 shows the setup for determining the interference spectra. The amplified spontaneous emission (ASE) light from an Er-doped fiber serves as a broadband light source (approx. 1.55 μm), and the input light is polarized. The transmission spectra of the output light are determined by an optical spectrum analyzer (OSA) at a resolution of 0.05 nm. The spectra are normalized by subtracting a reference spectrum obtained directly from the ASE source.
In our experiments, we subjected the shorter of the two arms to laser beam irradiation, which resulted in a change in optical length and, consequently, in interference wavelength. We calculated the value of the change in the refractive index (Δn) as
where FSR (free spectral range) is set to 16.2 nm and may be expressed as λ/m (m: order of diffraction), Δλ is the shift in interference wavelength, and Δl is the scanning length of the laser Fig. 1 Setup for measurement of interference spectra in MZ-PLC device.
beam.
Sample Preparation and Beam Irradiation
The PLC was fabricated on a Si substrate using atmospheric pressure chemical vapor deposition (APCVD) and reactive ion etching (RIE). 5) A Ge-doped core ( ~ 7 % concentration; 5.5 × 5.5 μm) was created. The difference in relative refractive indices between the core and the cladding was 0.7 %. An MZ interferometer was patterned for use in Δn measurements, and a separate straight wave guide was made for use in insertion loss measurements.
The experimental setup for the irradiation is shown in Fig. 2 . The laser pulses used to induce change in the refractive index were obtained from a regeneratively amplified Ti 3+ :Al 2 O 3 laser pumped by an Ar ion laser. The pulse width was 150 femtoseconds (fs), the wavelength was 800 nm, the repetition rate was 200 kHz, and the maximum average power was 800 mW. The laser beam was focused through a microscope (using both 10× and 20× objective lenses). The device was observed through a CCD camera mounted over the microscope to watch for any visible physical changes that might be produced during the irradiation. The PLC, which was fixed on a computer-controlled XYZ stage, was irradiated along the shorter arm of its interferometer. The scanning length was kept to 2 mm by coordinating the scanning speed with the open-time of a mechanical shutter. The speed that we used, 100 μm/s, is one which had previously been reported to work well in the direct writing of waveguides, with 120 fs laser pulses at a 200 kHz repetition rate. 3, 4) The pulse energy was controlled by means of a neutraldensity (ND) filter. In order to induce a homogeneous interaction in the focus area, a laser beam 3 mm in diameter (with a Gussian-like profile) was first expanded to 10 mm and then sent through a 5 mm aperture (top-hat-like profile) before being focused through the objective lens.
Results
The surface area above the core has a cylindrical mound shape. Since a circular beam spot will become elliptical on the surface of a sample of this shape, neither the exact area of the beam spot nor the level of the of input energy can easily be calculated with precision, and that is why we chose to use intensity (W/cm 2 ) of surface irradiation, rather than that of spot area in the waveguide, as our beam parameter. Intensity was set by adjusting both pulse energy and the surface irradiation spot size (to approx. 16 μm in diameter). Figure 3 shows transmission spectra before and after irradiation at 1.08 TW/cm 2 (65 mW average power). The interference wavelengths (two bottom peaks) show a shift of 5.20 nm (Δλ). We then used Equation 1 to calculate Δn values on the basis of the obtained Δλ.
The change in refractive index of a Ge-doped waveguide is shown in Fig. 4 . With a 10× lens, Δn jumped up to 0.7 × 10 -3 (at 1.1 TW/cm 2 ) and then gradually increased to 1.2 × 10 -3 at (5.4 TW/cm 2 ) (Fig.4(a) ). With a 20× lens, Δn quickly increased to 1.6 × 10 -3 (at 2.2 TW/cm 2 ) and then, at a reduced rate of increase, to a saturated Δn value of 1.8 × 10 -3 (5.4 TW/cm 2 ) (Fig.4  (b) ). When intensity was increased to above 5.4 TW/cm 2 , a dark damage-line was observed along the core-clad interface. The difference in Δn between the TE and TM modes seen in Fig. 4 (b) is less than 2 % when the intensity is higher than 4.3 TW/ cm 2 .
Changes in insertion loss resulting from laser irradiation were determined in a set-up that included a straight waveguide, a 1.55 μm diode laser for a light source, and a power meter (PM). If the refractive index of the clad around the core were to be increased by irradiation, insertion loss would also increase because of increased scattering loss at the core/cladding interface. As Fig. 5 shows, however, the deviations in insertion losses of TE and TM modes over the range of intensity values tested (with a 20× lens focus) are negligible ( ± 0.1 dB; within experimental error).
Results also show that no damage due to insertion loss occurred in the waveguide for the measured power range (we measured up to 3.3 TW/cm 2 ). The increase in refractive index appears to have occurred, then, entirely within the core area alone. Figure 6 shows the effect of annealing (at 200 ˚C for 10 hours) on the increased refractive indices produced in the irradiation that is shown in Fig. 4 (b) . The results shown here are sufficient to confirm the long-term reliability of DWDM optical devices produced in the manner described. While the increased refractive index produced at 1.1 TW/cm 2 decreased by 10-20 %, indices produced at 2.2 TW/cm 2 and above showed negligible decay, indicating that saturated Δn values offer high stability with respect to heat.
Discussion
With respect to UV laser irradiation, two processes have been suggested as explaining the increased refractive indices in Gedoped silica glass: (1) the formation of Ge-related defects, such as GeE' centers, due to photochemical reactions, 6) and (2) the densification of the matrix around Ge-atoms due to thermally induced structural relaxations. 7) In fact, the increase would appear to be the result of a complex interaction of the two. When Ge-doped glass is irradiated with low-fluence UV light, Δn reaches an order of 10 -4 , 8, 9) and with high-fluence UV light, an order of 10 -3 , saturating at 1 ~ 2 × 10 -3 , [10] [11] [12] and enhancements achieved through hydrogen loading only contribute to the reaching of a saturated Δn of 3.4 × 10 -3 . 13) With respect to Δn achieved with focused infrared ultrashort pulse laser irradiation, a previous report attributes a 2 × 10 -2 level densification of silica glass that is unrelated to any effect on Ge ions. 2, 14, 15) In our study, by way of contrast, in which the increase is of the order of 10 -3 (saturation at 1.6 ~ 1.8 × 10 -3 ), the index increase is limited to the Ge-doped core alone, indicating that it is due, rather, to the same complex combinations of Gerelated mechanisms previously noted for UV-laser irradiation. If the surface of the waveguide were flat, the refractive index of the Ge-undoped clad would also be changed, along with that of the core, by infrared ultrashort pulse laser irradiation whose intensity is greater than 1 TW/cm 2 . 4, 14) In our study, however, the surface area above the core has a cylindrical mound shape. The intensity at the spot in the waveguide decreases to the order of GW/cm 2 because the reflection ratio at the surface is higher than would be the case with a flat surface, and the beam would has the same effect as that of a UV laser.
With infrared ultrashort pulse laser irradiation, the increase in refractive index results from multi-photon absorption, which means that the increase will occur only in the area upon which the irradiation is focused, [16] [17] [18] and the index of the core can be changed without creating the excessive absorption loss in the clad layer covering the core. With UV irradiation, on the other hand, the increase results from two-photon absorption, which means that the UV light is easily absorbed in the clad layer, and the resulting penetration is shallow. 10) Though the exact control of ultrashort pulse intensity at the core is difficult, we can irradiate the core with sufficient power to ensure a saturated Δn despite any possible small anomalies in the physical processes. In order to use the achievable increase in refractive index to adjust the optical length of a waveguide, we control the beam-scanning-length parameter. We can, for one example, produce an optical length in the range of 2π (1.55 μm) with a scan-length of 0.97 mm (for a saturated Δn of 1.6 × 10 -3 ).
As for the robustness with respect to annealing of our saturated Δn values (Fig. 6) , it would appear that any Ge-related, thermally unstable centers initially present in the core had already been eliminated during the fs-laser beam irradiation, by the heat created by the laser energy applied in the irradiation area, and no centers were later there to create decay in refractive index values. This is in marked contrast to the thermal instability of UV-induced increases, which will occur even at temperatures below 100 ˚C due to the effect of defects related to the structural relaxation of GeE' centers. 11, 19) This difference represents a very significant advantage for ultrashort pulse laser irradiation over that of UV laser radiation for the adjustment of the characteristics of optical devices. Further, with our method, we are able to measure optical device characteristics during laser irradiation itself, and use the data as feedback for any needed adjustments.
Summary
The refractive index of a germanium-doped silica-glass planar waveguide has been increased to a saturated level of 1.6 1 .8 × 10 -3 with infrared ultrashort pulse laser irradiation. Insertion loss in waveguides showed no increase due to this irradiation, and annealing at 200 ˚C for 10 hours produced no decay in the refractive index achieved for this saturated value. The results here show ultrashort pulse lasers to be superior to UV lasers as light sources for adjusting optical length.
